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Among various transdermal drug delivery (TDD) approaches, utilizing the

microneedles (MNs) not only can penetrate the skin but also deliver the drug

with reduced tissue damage, reduced pain, and no bleeding. However, the MNs

with larger height are required to overcome the skin barrier for effective TDD.

Unlike 2D patterning, etching polydimethyl siloxane (PDMS) micropillars for

fabrication of 3D microstructures is presented. The PDMS micropillars were first

constructed by casting PDMS on the computer numerical control-machined

cylindrical microwells, which then went through etching process to obtain

the MNs for subsequent fabrication of polymer MNs or high aspect ratio

micropillars. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871038]

INTRODUCTION

In drug administration, transdermal drug delivery (TDD) offers several advantages over

other conventional approaches such as preventing the drug from degradation in the gastrointesti-

nal tract and first-pass effects of the liver associated with oral delivery, sustaining therapeutic

drug level, permitting self-administration, improving patient compliance, being non-invasive,

and long acting drug delivery. The main resistance of TDD originates from the protection func-

tion of the stratum corneum layer (about 20 lm) and viable epidermis layer (about 300 lm).1

In general, there are two strategies to overcome the diffusion resistance caused by the human

skin. One is the chemical enhancement, which is the technique to change physical characteris-

tics of lipid bilayer reversibly by using chemical compounds (sulphoxides, azones, pyrrolidones,

alcohols, alkanols, etc.).2 The other is the physical enhancement, which includes iontophoresis,

electroporation, ultrasound technique, and photoacoustic methods.3–5 Although the physical

enhancement techniques are considered to be safer than the chemical enhancement techniques

in terms of involvement of chemical compounds, additional equipment or setup is mandatory.

To circumvent this issue, the silicon-based microneedle (MN) array with height at micron scale

was introduced to provide an alternative for TDD.3 Unlike the conventional gauge needles, the

MNs not only can penetrate the skin but also deliver the drug with reduced tissue damage,

reduced pain, and no bleeding.6 The silicon-based MNs can be fabricated through patterning

the metallic micromasks on the silicon wafer, followed by reactive ion etching (RIE) or wet

etching by either isotropic etching with HNA (HF/Nitric/Acetic acid) solution or anisotropic

etching with KOH etchant.7,8 The height of the silicon-based MNs (or the replicated polymer

MNs) is usually less than 400 lm due to the thickness of the silicon wafer (approximately
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650 lm for 6 in. wafer). Although the total thickness of stratum corneum layer and the viable

epidermis layer is around 350 lm, the height of the MNs for practical usage needs to be

approximately 650 lm in order to compensate extra needle displacement resulted from folding

of the skin around the MNs or partial penetration of MNs for effective drug administration.9 In

order to meet the requirement of the height of the MNs, different strategies have been pro-

posed. For example, Choi et al. used thick SU-8 photoresist and applied slanted exposure of

UV light to prepare cone structure with height about 600 lm. They also combined back side ex-

posure with RIE etching to fabricate SU-8 MNs array with high aspect ratio and shape adjust-

ability.10 Park et al. obtained the cambered cavities on the glass substrate by HF etching, which

serve as UV light refraction positions and the SU-8 photoresist was crosslinked to form a cone-

like structure.11 The mechanical cutting, laser ablation, and electrical discharge machining were

exploited to fabricate metallic MNs with desired height.12–14 The MNs fabricated by the above-

mentioned approaches can be used subsequently to obtain polydimethyl siloxane (PDMS) nega-

tive mold for fabrication of polymer MNs. However, these approaches, like silicon dry etching,

still inevitably involve in some expensive equipment, or complicated procedure, and they are

either energy or time consuming. Recently, drawing lithography was demonstrated to fabricate

MNs with ultrahigh aspect ratio.15 Although this technique overcomes the height limitation of

current subtractive-based lithography techniques, precise control of drawing and thermal curing

of the viscoelastic thermosetting polymer is crucial for successful fabrication of MNs.

PDMS is a widely used material in micro/nanofabrication, especially soft lithography16 and

microfluidic applications.17–19 While it is rarely found in the literature, PDMS itself can be

directly used for 2D patterning through etching process such as making microchannels20 and

microfeatures.21 In this study, a relatively fast, simple, reliable, and cost-effective method was

proposed to fabricate MNs or high-aspect-ratio micropillars by etching PDMS micropillars.

From the literature, most of the PDMS microneedles or micropillars were obtained through soft

lithography by casting the PDMS onto the negative molds made of photoresist or silicon, which

were produced by photolithographic process22,23 or silicon dry etching.24 As to the polymer

micropillars, the conventional practice is first to obtain the negative PDMS mold with a hole

array, followed by casting the polymer solution25 or utilizing imprinting technique26 to produce

the polymer micropillars. Different from the literature, our proposed technique is to directly

etch the PDMS micropillars to form the microneedles or high-aspect ratio micropillars for

subsequent fabrication of polymer microstructures. It was found that microneedles can be con-

structed through 3D etching of PDMS micropillars and the final height of the microneedles can

be estimated by the initial height of the micropillars. Moreover, agitation of etchant solution

plays an important role in determining the shape of the etched PDMS microneedles.

EXPERIMENTAL

Fabrication of PDMS microneedle array

The PDMS micropillar array was obtained by replicating the polymethyl methacrylate

(PMMA) substrate with cylindrical microwell array, which was directly produced by the com-

puter numerical control (CNC) machining (EGX-400, Roland). To minimize the surface rough-

ness of the cylindrical microwells on the PMMA mold, the diamond coated milling cutter was

selected. The diameter and depth of the microwells range from 200 to 400 lm and 300 to

800 lm, respectively. The pitch (center-to-center distance) of the microwells is 1 mm. The PDMS

base and curing agent of 10:1 weight ratio were thoroughly mixed and degassed and the mixture

was poured onto the PMMA substrate, followed by being placed in the 65 �C oven for 4 h. The

fabricated 2� 2 cm2 PDMS stamp with micropillar array was clamped to a cleaned glass slide

and the assembly was hung on top of the beaker to allow the PDMS micropillars to immerse in

the etchant composed of tetrabutylammonium fluoride (TBAF) and N-methylpyrrolidinone

(NMP) at 1:6 volume ratio with the etching rate approximately 6 lm/min. After certain etching

time, the etched PDMS micropillar array was removed from the etchant solution and rinsed by

DI water, followed by being blown dry. As to agitation, a magnetic stirring bar was placed in the
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beaker, which was placed on top of the hot plate (PC-420D, Corning) with the rotation speed set

to be 500 rpm.

Fabrication of polyvinyl pyrrolidone (PVP) microneedle array

To fabricate the polymer MNs, the double casting process was applied.27 The PDMS

microneedle array was first treated with O2 plasma (Plasma cleaner, Harrick Plasma). The

treated PDMS microneedles array and 1H,1H,2H,2H-perfluorooctyl tricholosilane (FOTS,

Sigma Aldrich) were placed in the vacuum desiccator (50 mTorr) for 24 h to allow the FOTS

to evaporate and modify the PDMS microneedle array, followed by casting PDMS. Once the

PDMS is cured, the negative PDMS microneedle mold is peeled off for subsequent casting of

polymer solution to obtain the polymer MNs. The polymer used in this study is PVP

(MW¼ 360 000, Sigma Aldrich) and the polymer solution was prepared by dissolving PVP in

the DI water at concentration of 10 wt. %.

RESULTS AND DISCUSSION

Figures 1(a)–1(d) show the time lapsed images of etching PDMS micropillars without

agitation. In the beginning, the PDMS micropillars were etched primarily in the radial direction

and the diameter of the micropillars decreased uniformly from the top to the bottom as shown

FIG. 1. (a) The initial micropillar with 400 lm in diameter and 700 lm in height. The optical images of PDMS micropillars

at the etching time (b) 15, (c) 27, and (d) 32 min in the etching process without agitation. (e) The etched PDMS micronee-

dle array. (f) The cross sectional view of the PDMS negative mold. (g) The PVP microneedle array. The scale bar in the

insets of (f) and (g) is 300 lm.
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in Figure 1(b). As the etching time increased, the top side of the micropillars was etched faster

than the bottom, resulting in a conical-shape structure (Figure 1(c)). The difference in the local

etching rates in the axial direction could be attributed to no agitation in the etchant solution

where removal of the reaction byproduct near the bottom of the micropillars was less efficient,

causing the decrease of the local etching rate. Further increasing the etching time leads to the

formation of MNs as shown in Figure 1(d). Because of the simplicity and robustness of this

method, uniform MN array with height around 650 lm shown in Figure 1(e) can be generated

readily and repetitively. Figure 1(f) shows the cross sectional view of PDMS negative mold

peeled from the master mold. The modified master mold can be reused many times without any

damage. The polymer MNs were obtained by casting 10 wt. % PVP solution on the negative

PDMS mold as shown in Figure 1(g). To test the polymer MNs for practical usage, the positive

PDMS MNs mold with height around 600 lm and the PVP microneedles were repetitively pro-

duced in our lab. The average height of PVP microneedles is around 630 6 20 lm, indicating

robustness and reliability of the proposed method. Figure 2(a) shows that the final height of the

FIG. 2. The relationship of (a) height and (b) aspect ratio between the initial PDMS micropillar and the etched PDMS MNs.
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PDMS MNs, which is approximately 90% of the initial height of the micropillars as seen from

the trend line. Note that, since the PDMS MNs were obtained by etching PDMS micropillars

till the sharp tips were formed and the height will decrease as the etching time is further pro-

longed, the final height of the MNs needs to be properly defined. In this study, the final height

of the MNs is determined when the MNs with sharp tip are initially formed during the etching

process. In addition, the aspect ratio of the MNs is positively proportional to that of the initial

micropillars as shown in Figure 2(b). The aspect ratio is defined as the height of the MNs

divided by the base of the MNs, which is determined by the dashed lines shown in the inset of

Figure 2(b). Besides the above findings, agitation in the etchant solution also plays an important

role in determining the etching profile. Figure 3 shows the time lapsed images of etching

PDMS micropillars with agitation. In the beginning, the etching profile is similar to that without

agitation. As the etching time increased, instead of forming the conical-shape structure, the

etching profile remains the same and the micropillars with aspect ratio around 13 were

obtained. It is hypothesized that the reaction byproduct generated near the bottom of the micro-

pillars can be removed by action of agitation, which allows replenish of the etchant and the

local etching rates can remain relatively constant. It is worthy of mentioning that the etching

rate in the axial direction is almost negligible. The PVP micropillars with aspect ratio around

13 could also be produced as shown in Figure S1 in the supplementary material.28 Note that

the micropillars with even larger aspect ratio (approximately 25) could be constructed (Figure

S2 in the supplementary material28); however, bending of the micropillars occurs due to the

lower mechanical strength of PDMS.

CONCLUSIONS

In this study, a relatively fast, simple, robust, and reliable method was demonstrated for fabri-

cation of MNs and high aspect ratio micropillars. From programing CNC micromachining to

obtaining the PDMS microneedle array, the turnaround time is less than 2 h and there is no photo-

lithographic process or some expensive equipment involved for ICP-RIE dry etching. The final

height and aspect ratio of the MNs can be determined by the dimensions of the initially produced

PDMS micropillars. As to fabrication of the micropillars with high aspect ratio, agitation is required

during the etching process, and the micropillars with aspect ratio around 13 were obtained.
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FIG. 3. (a) The initial PDMS micropillars with 300 lm in diameter and 800 lm in height. The optical images of PDMS

micropillars at the etching time (b) 9, (c) 22, and (d) 30 min in the etching process with agitation (rotation speed of

500 rpm).
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